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Sin Meets NuRD and Other Minireview
Tails of Repression
(HDAC4±6) are homologous with the yeast Hda1 (Gro-
zinger et al., 1999). While all of these proteins possess
related catalytic domains capable of deacetylating core
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histones, the two classes can be distinguished by se-Seattle, Washington 98109-1024
quences outside of the catalytic regions. Given that
yeast Rpd3 and Hda1 function in different complexes,
One of the more exciting developments to emerge from it would seem likely that the class I and II HDACs will
work of the last few years on the regulation of gene also be functionally distinct, an idea borne out by recent
expression has been the realization that a great many studies (see below). Independent disruption of yeast
transcription factors function by recruiting multiprotein Rpd3 and Hda1 apparently leads to global hyperacetyla-
complexes with chromatin modifying activities to spe- tion of histones, suggesting that control of histone acet-
cific sites on DNA. These findings have at last permitted ylation may be a genome-wide mechanism for modifi-
two fields that were previously somewhat divorced from cation of chromatin. However, the loss of Rpd3 function
each other, chromatin structure and sequence-specific does not result in universal gene activation suggesting
transcriptional regulatory proteins, to be accommo- that there is significant redundancy between Rpd3 and
dated within the same conceptual framework. Particu- the other yeast HDACs or that acetylation status per se
larly satisfying have been findings showing that many is unlikely to be the sole determinant of gene activity
activators as well as repressors act through the same (see Maldonado et al., 1999 [this issue of Cell]).
evolutionarily conserved mechanism: association with How does acetylation±deacetylation of histones influ-
distinct non-DNA-binding cofactors (called coactivators ence transcription? In one view, histone acetylation re-
or corepressors) that mediate acetylation or deacetyla- sults in a more open chromatin state through a weaken-
tion of histone tails. In this review we focus on transcrip- ing of the interaction between the highly positively
tional repression with particular emphasis on the nature charged N-terminal tails of histones H3 and H4 and the
and potential functions of two rather complex multipro- phosphate backbone of DNA within nucleosomes, thus
tein corepressor assemblies: Sin3 and Mi-2/NuRD. facilitating access by the basal transcriptional machin-
Deacetylation and Repression of Transcription ery or by other factors that further promote gene activity.
The acetylation state of chromosomal histones has long Deacetylation would presumably reverse or prevent
been known to correlate strongly with transcriptional these processes. However, deacetylation may also influ-
status. Thus, hyperacetylated regions of chromatin fre- ence interactions between separate nucleosomes with
quently contain active transcription units while hypoacet- important consequences for transcription factor bind-
ylated chromatin is transcriptionally silent. The relative ing. Acetylation/deacetylation is also highly likely to in-
levels of histone acetylation are now known to be deter- fluence transcription by targeting other DNA-bound pro-
mined by the enzymatic activities of both histone acetyl teins including architectural HMG proteins, components
transferases (HATs) and histone deacetylases (HDACs). of the basal transcription apparatus, and transcription
The chromatin regions modified by HATs and HDACs factors such as p53 and GATA-1. Acetylation may cru-
can range in size from a single nucleosome (e.g., the cially affect their activities and interactions thereby mod-
his3 gene in S. cerevisisae) to nearly an entire chromo- ulating transcription (for review, see Struhl, 1998).
some (e.g., mammalian X chromosome inactivation). A Tale of Two Corepressors
Two distinct classes of HDACs in higher eukaryotes HDACs and HATs are enzymes with no observable pref-
have been delineated based on homologies with yeast erence for a specific DNA sequence environment. How
HDACs. Thus, class I HDACs (HDAC1±3) possess ho- then can gene-specific transcription be influenced
through their activities? An answer is that they associatemology to the yeast HDAC Rpd3; and class II HDACs
Figure 1. HDAC Corepressors and Associ-
ated Factors
Corepressors that function through HDAC are
depicted as elongated ovals. Sin3-interacting
factors are color-coded blue and NuRD/Mi-2
associated factors are color-coded red. The
Groucho and Rb corepressors are placed in
the lower part of the figure along with their
associated factors and with the YY1 and TGIF
proteins, which apparently bind HDAC di-
rectly. Ski has been suggested to bind to the
Rb-HDAC complex as well as to the Sin3
complex.
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with coactivators and corepressors which in turn are such as thyroid hormone receptors (THR), in the pres-
ence of ligand activate transcription at binding sitesbrought to DNA through binding to sequence-specific
proximal to their target genes at least in part throughtranscription factors. One might envisage a strict segre-
recruitment of HAT-containing coactivators. In the ab-gation of function: coactivators and corepressors do not
sence of ligand, a conformational switch presumablyindependently bind DNA and transcription factors do
favors interaction with the mSin3 corepressor complex.not independently modify chromatin. However, as often
This interaction, between unliganded THR and mSin3,occurs in biological systems, these lines may not be so
is not direct but is mediated by N-CoR and SMRT, twosharply drawn (see below).
large multidomain proteins originally thought to functionNew HDAC-associated corepressors are being identi-
as distinct NHR-specific corepressors but which nowfied at a high rate. We first consider two well-character-
appear to function by linking NHRs to mSin3. Moreover,ized major complexes each containing HDAC1 and
repression by unliganded NHRs is dependent on HDACHDAC2 associated with the histone binding proteins
activity. This basic scheme appears to extend fromRbAp46/48 (HDAC core complex; see Figure 1). The first
mammals to fruit flies where repression mediated byis conserved from yeast to mammals and comprises the
the Drosophila ecdysone receptor requires orthologsHDAC core complex associated with the yeast corepres-
of N-CoR/SMRT, Sin3, and HDAC (Tsai et al., 1999).sor Sin3p, or its mammalian orthologs mSin3A and
Mutations in these components have specific develop-mSin3B. The second distinct corepressor, recently iden-
mental phenotypes, underscoring the importance of re-tified in vertebrate cells, called Mi-2 or NuRD (nucleo-
pression during development (Chen et al., 1999) (Man-some remodeling histone deacetylase complex), lacks
nervik and Levine, 1999) (Tsai et al., 1999). Interestingly,mSin3 but uniquely contains an ATP-dependent chro-
another component of the mammalian Sin3 complex,matin remodeling activity in addition to HDAC activity.
SAP30, associates with mSin3-PAH3 as well as withThus, two distinct HDAC corepressor complexes with
HDAC, but additionally interacts with one of the repres-both common and unique activities can coexist in the
sion domains of N-CoR. There is evidence indicatingsame nuclear environment. These are both large molec-
that SAP30 acts as a specificity factor to facilitate orular assemblies (in the range of 1±2 MDa) comprised of
stabilize the association of N-CoR with mSin3 andmultiple components, not all of which have been identi-
HDAC. It is not difficult to imagine that other integralfied and few of which have fully defined functions.
components of the complex such as SAP18 might haveIntroduction to Sin
similar functions.Sin3 corepressor complexes isolated from yeast and
Because mSin3-HDAC complexes are abundant andvertebrate cells contain on the order of eight different
stable it has been convenient to think of them as pre-polypeptides, whose stoichiometry may vary. Sin3 itself
formed and available for binding and recruitment to DNAis a large multidomain protein that most likely forms the
by individual transcription factor repressors. In thisscaffold upon which the rest of the complex assembles.
model regulation of repression would depend only onSequence analysis has shown that yeast, Drosophila,
the abundance of the rate-limiting repressors. One prob-and vertebrate Sin3 proteins have four highly conserved
lem with this idea is the finding that a number of differentimperfect repeats, each of which are predicted to fold
transcription factors may associate with mSin3 com-into two amphipathic helices separated by a flexible
plexes at the same time. For example, the Mad1 proteinlinker (PAH regions, paired amphipathic helices).
appears to be present not only in complexes involved inThe size and complexity of the Sin3 assembly sug-
repression at Mad1-binding sites but also in complexesgests multifunctionality and the potential for regulatory
mediating repression by NHRs as well as by the tran-control over corepressor composition and activity. It
scription factor Ski (Nomura et al., 1999). Perhaps multi-almost certainly reflects the fact that Sin3 repression
ple transcription factors target a single Sin3 complex tois employed in many different transcriptional contexts.
a specific cluster of DNA recognition motifs. It is also
Several interaction domains mediate binding with tran-
possible that the mSin3-associated transcription factors
scription factors and accessory proteins, which in turn
should not be viewed simply as interchangeable recruit-
facilitate targeting of the complex (e.g., Mad, Ume6, ers of mSin3 that carry exactly the same HDAC activity
MeCP2, N-CoR, SMRT, Ski, Ikaros, p53, PLZF) (see Fig- to different locations, but rather as inherent parts of the
ure 1). Another highly conserved region binds compo- Sin3-HDAC complex and as modulators of the com-
nents that mediate the activity of the corepressor as a plex's intrinsic activity.
whole (e.g., the HDAC core complex). Deletion of the Mi-2/NuRD: A Second Corepressor Complex
HDAC core±binding site within mSin3 or mutation of Not all of the cell's HDAC activity is associated with Sin3
yeast HDAC (Rpd3p) significantly blocks Sin3 repres- complexes. In fact HDACs 1 and 2 exist predominantly
sion, as does treatment with HDAC inhibitors. These in another multiprotein complex that does not contain
results confirm that HDAC interaction is critical for re- mSin3A/B (Tong et al., 1998; Wade et al., 1998; Xue et
pression mediated by the Sin3 corepressor. However, al., 1998; Zhang et al., 1998). The Mi-2 or NuRD complex
because repression is not completely abrogated by crip- contains two proteins, Mi-2b and MTA-2, identified pre-
pling HDAC, it is likely that other modes of Sin3-medi- viously in quite different contexts. Mi-2b (also called
ated repression exist. CHD4), an autoantigen associated with dermatomyositis
Functions of Sin3 Complex Subunits contains a chromodomain as well as a motif homologous
One example of how different Sin3 components may to the DNA helicase/ATPase domain of SWI/SNF. MTA-2
function to promote specific aspects of repression has is related to a protein previously thought to be involved
emerged from studies on the repression±activation in tumor metastasis and contains putative zinc-finger
and leucine zipper domains. Both of these proteins, asswitch of the nuclear hormone receptors (NHRs). NHRs,
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well as the recently identified MBD3 protein (see below), phosphorylation of Rb by a cyclin-dependent kinase
appear to be integral components of the Mi-2/NuRD appears to release HDAC from its binding site in the
complex and all three may assemble the complex pocket domain, thereby relieving active repression by
through multiple contacts. Mi-2b is likely to play an im- E2F (Harbour et al., 1999). Attractive as the Rb±HDAC
portant role through its ATP-dependent chromatin re- findings are, it remains to be determined whether endog-
modeling activity (see Tyler and Kadonaga, 1999, [this enous Rb±HDAC interactions are cell cycle regulated
issue of Cell]). and whether Rb associates with other corepressor com-
It is tempting to imagine that Mi-2/NuRD mediates plexes.
repression through HDAC, but in contexts different from Groucho, a Drosophila corepressor with widespread
those in which mSin3 functions (see below). Perhaps roles in development, is recruited to DNA through its
one emerging example of this comes from studies in associations with numerous transcription factors includ-
Drosophila demonstrating a genetic interaction between ing Hairy- and Runt-related proteins, Dorsal, Engrailed,
Mi-2/NuRD and the repressors Hunchback and Poly- and Tcf. The human homolog of Groucho is known to
comb (Kehle et al., 1998). The Polycomb group silences bind to Aml1, a Runt-domain protein altered in chromo-
homeotic (Hox) gene expression through a regionalized some translocations linked to leukemia. Drosophila
effect on chromatin, rather than through site-specific Groucho has now been demonstrated to directly interact
repression. It is possible that the Mi-2/NuRD chromatin with the HDAC Rpd3 (Chen et al., 1999). Indeed HDAC
remodeling activity is required to initiate (through Hunch- appears to be necessary, but not sufficient, for full
back) and then maintain (through the Polycomb group) Groucho repression and for its role in development. It
repression within the Hox cluster. Interestingly, regional will clearly be of interest to define additional compo-
patterning in the C. elegans embryo has also been nents of Groucho multiprotein complexes.
shown to be in part dependent on proteins related to Deacetylation Independent of Corepressors
MTA2 (Solari et al., 1999). There is also evidence that Is all HDAC-based repression dependent on corepres-
the transcription factor Ikaros, which is crucial for sors such as Sin3 and Mi-2/NuRD? Probably not. For
lymphoid cell development and sets a threshold for T example, the DNA-binding protein YY1, known to switch
cell activation, recruits the Mi-2/NuRD complex to from activator to repressor in a sequence-specific man-
heterochromain. However since repression by Ikaros ner, associates with HDAC2 independent of mSin3.
has not been demonstrated through its own DNA-bind- Other transcription factors such as the homeodomain
ing domain, and because Ikaros also interacts with protein TGIF, which associates with the Smad proteins
mSin3 and SWI/SNF as well as with Mi-2/NuRD, it may to mediate TGFb signaling (Wotton et al., 1999), has also
function as a platform to mobilize different transcription been reported to copurify with HDAC. In this and other
complexes rather than act as a site-specific recruiter cases, the presence of Mi-2/NuRD or mSin3 constit-
(Koipally et al., 1999). uents have not been definitively ruled out.
Another hint at Mi-2/NuRD function comes from re- NuRD and Sin3 associate specifically with HDAC1
cent reports that the methyl-DNA-binding protein MBD3 and -2 and do not appear to bind class II HDACs. This
is a constituent of the Mi-2/NuRD complex. The methyl- suggests either that other corepressors, yet to be identi-
binding domain of MBD3 is homologous to that of fied, bind this group of HDACs or that they are involved in
MeCP2, which had earlier been shown to interact with corepressor-independent silencing. Indeed both HDAC4
the mSin3 complex (see Bird and Wolffe, 1999 [this issue and the HDAC-related factor, MITR, have recently been
of Cell]). This observation reinforces the functional link shown to bind to Mef-2 and reduce its transcriptional
between methylation-dependent silencing and histone activating function (Miska et al., 1999). Corepressor-
deacetylation derived from earlier studies on MeCP2- independent recruitment of HDAC may signify an alter-
mSin3, and further suggests that chromatin remodeling native mode of HDAC function, possibly more directed
mediated by MBD3-Mi-2/NuRD may distinguish subsets
toward deacetylation of proteins within the transcrip-
of methylated domains in DNA. Taken together, the find-
tion factor complex, including the HDAC-binding factor
ings on Mi-2/NuRD suggest that its function may be
itself.developmentally linked to repression of relatively large
Perspectivesregions of chromatin in contrast with the potentially
Why are there multiple HDAC corepressor complexes?more gene-specific effects of Sin3 complexes (see
Although the mSin3 and Mi-2/NuRD complexes couldbelow).
be redundant, it is difficult to imagine the high degree ofOther HDAC-Associated Corepressors:
evolutionary conservation of two such multicomponentRb and Groucho
systems unless some aspects of their function areTwo important cases of HDAC recruitment indicate that
unique. Indeed both the chromatin remodeling activitySin3 and Mi-2/NuRD may be just the tip of the corepres-
associated with Mi-2/NuRD as well as the distinct tran-sor iceberg. For example, HDAC1 has been shown to
scription factors present in both corepressor complexesassociate with the Rb family of pocket proteins as well
point toward specialization. Perhaps Mi-2/NuRD targetas the Drosophila protein Groucho. Rb proteins do not
genes are predominantly localized in relatively closedbind DNA directly but rather associate with the E2F
regions of chromatin, thus requiring a nucleosome re-family of DNA-binding transcription factors, resulting in
modeling step for access of Mi-2/NuRD to histones andsequestration of E2F as well as active repression of E2F
subsequent or concomitant deacetylation (see Tyler andtarget genes. Therefore, the Rb family itself represents
Kadonaga, 1999). Such genes might be resistant to Sin3-a distinct class of pocket-protein corepressors special-
mediated repression, which would be reserved for pre-ized to recruit HDAC to a restricted subset of transcrip-
tion factors. Interestingly, the cell cycle±dependent viously remodeled actively transcribed genes that may
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Zhang, Y., LeRoy, G., Seelig, H.P., Lane, W.S., and Reinberg, D.not require further chromatin remodeling for deacetyla-
(1998). Cell 95, 279±289.tion such as HO in yeast (Krebs at al., 1999; Cosma et
al., 1999). There is also compelling evidence that certain
silenced regions of chromatin may occupy nuclear com-
partments distinct from those in which active genes
reside. Therefore, it is possible that the Mi-2/NuRD (or,
for that matter, any of the other corepressors mentioned
above) may possess activities that facilitate relocaliza-
tion of targeted genetic regions to specific nuclear do-
mains (see Sun and Elgin, 1999 [this issue of Cell]).
In a general sense, the mechanism of repression is
likely to have gene-specific aspects even though much
of the regulatory machinery involved is common to all
genes. Different corepressors may be thought of as act-
ing to unleash HDAC activities at the target site in dis-
tinct ways. For example, some corepressors may tether
HDAC to the complex while others may release HDAC
in the vicinity of the gene target. The interplay between
different types of chromatin modifications including
deacetylation, methylation, and chromatin remodeling
may be coordinated through the functions of corepres-
sors (see Bird and Wolffe, 1999 and Tyler and Kadonaga,
1999). Moreover, the recent work on corepressors has
illuminated a profound connection between transcrip-
tional repression and fundamental aspects of cell biol-
ogy including proliferation, differentiation, and cancer.
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